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Abstract
We present the pressure-volume-temperature (P−V−T ) equation of state of
polycrystalline (Mg0.06Fe0.94)O (Mw94) determined from laser-heated x-ray diffrac-
tion experiments up to 122 GPa and 2100 K, conditions approaching those of
the deep mantle. We conducted two sets of experiments, one with an in situ
Fe metal oxygen fugacity buffer and one without such a buffer. The internal
pressure markers used in these experiments were B2-NaCl and hcp-Fe in the
buffered experiment and B2-NaCl in the unbuffered experiment. In the sampled
P−T range of the high temperature part of this study, only the B1 structure
of Mw94 was observed, indicating that the addition of Mg to FeO stabilizes
the B1 phase with respect to the B8 phase at these conditions. Both datasets
were fit to a Birch-Murnaghan and Mie-Gru¨neisen-Debye thermal equation of
state using a new open-source fitting routine, also presented here. Analysis of
these data sets using the same internal pressure marker shows that the P–V –T
data of Mw94 obtained in the unbuffered experiment are well explained by the
equation of state parameters determined from the buffered data set. We have
also compared the thermal equation of state of Mw94 with that of wu¨stite and
conclude that Mw94 has measurably distinct thermoelastic properties compared
with those of wu¨stite. We use the results obtained in the buffered experiment to
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determine the density and bulk sound velocity of Mw94 at the base of the man-
tle and compare these values to geophysical observations of ultralow-velocity
zones.
Keywords: equations of state, core-mantle boundary, (Mg,Fe)O
1. Introduction1
1.1. Motivation2
Iron-poor members of the periclase–wu¨stite (MgO-FeO) solid solution may3
comprise up to 20% of the Earth’s lower mantle. According to the “pyrolite”4
model, the chemistry of this phase contains 10–20 % FeO (Ringwood, 1975).5
The simplest assumption is that the lower mantle is homogeneous, yet seis-6
mic studies reveal discontinuities and lateral heterogeneity in the deep mantle7
that suggest lateral chemical inhomogeneities (Garnero et al., 2007). Chemical8
analyses of magma associated with hotspot volcanism from mantle plumes re-9
portedly sourced from the lower mantle also give evidence for chemical hetero-10
geneity, promising a more complex lower mantle (Mukhopadhyay, 2012). To11
understand the role of (Mg,Fe)O in these variations, the thermodynamic and12
elasticity systematics of ferropericlase, (Mg1−xFex)O with x < 0.5, has been13
extensively studied as a function of composition, pressure, and temperature.14
However, more iron-rich compositions of (Mg,Fe)O have not been explored in15
the same detail.16
Ultralow-velocity zones (ULVZs) at the core-mantle boundary give insight17
into the chemical heterogeneity of the lowermost mantle. As their name im-18
plies, ULVZs are characterized by very low seismic wave velocities (10–30%)19
(e.g. Garnero and Helmberger, 1998; Helmberger et al., 2000; Rost et al., 2006;20
Sun et al., 2013). Requiring concomitant density increase and sound velocity21
decrease with respect to the surrounding mantle, ULVZs are best explained by22
Fe-enrichment. Recent considerations of a crystallizing primordial magma ocean23
show that enrichment of Fe in the lowermost mantle is possible, preserved as24
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either iron-rich solids or residual melt (Labrosse et al., 2007; Lee et al., 2010;25
Nomura et al., 2011).26
Incorporation of 40% Fe into magnesium silicate post-perovskite has been27
found to reduce shear wave velocities to 33% lower than that of the 1D Preliminary28
Reference Earth Model (PREM) (Mao et al., 2006; Dziewonski and Anderson,29
1981). An iron-rich oxide, namely (Mg0.16Fe0.84)O, also has low shear wave30
velocities—50% lower than that of PREM (Wicks et al., 2010). Partial melting31
has also been suggested as a plausible mechanism (Williams et al., 1998; Lay32
et al., 2004; Labrosse et al., 2007).33
Dynamic models have been used to explore the stability and topology of34
ULVZs to differentiate the observable characteristics of various candidate as-35
semblages. Hernlund and Tackley (2007) found that the amount of partial melt36
required to decrease the sound velocities of a phase assemblage to match ULVZs37
would percolate and pool at the base of the mantle, a result that could be pre-38
vented if the ULVZ were stirred (Hernlund and Jellinek, 2010). Dynamic models39
exploring solid ULVZs show that ULVZ shape can be correlated to chemical den-40
sity anomaly, which in turn can be used to explore the tradeoff between density41
and sound velocities of (Mg,Fe)O and bridgmanite (Bower et al., 2011; Sun42
et al., 2013).43
We are motivated, therefore, to measure the pressure-volume-temperature44
equation of state of iron-rich (Mg,Fe)O, so that the density of iron-rich ULVZs45
can be properly modeled, and the relationship between sound velocity and den-46
sity can further constrain the composition of ULVZs.47
1.2. Previous experimental studies48
Previous pressure-volume-temperature (P−V−T ) studies have shown that49
the MgO-FeO solid solution is complicated by the existence of phase transitions,50
a spin transition, and defect clustering as a function of FeO component (e.g.51
Lin et al., 2003; Fei et al., 2007a; Lin et al., 2005; Speziale et al., 2005; Kantor52
et al., 2009; Mao et al., 2011). The MgO endmember is known to be cubic53
beyond the pressure and temperature conditions of the Earth’s mantle (Duffy54
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and Ahrens, 1993). The FeO endmember is thought to be cubic at the pressures55
and temperatures of the interior of the Earth, but at lower temperatures is found56
to transform to a rhombohedral structure at moderate pressures (e.g. Shu et al.,57
1998) and to the B8 NiAs structure at higher pressures (e.g. Fei and Mao, 1994;58
Fischer et al., 2011b).59
At 300 K, iron-rich (Mg,Fe)O undergoes a cubic to rhombohedral phase60
transition at 8-40 GPa, with a phase transition pressure sensitive to both com-61
position and hydrostaticity. Studies of the bulk modulus at 0 GPa as a function62
of composition show differing trends due to sample stoichiometry. Studies of63
non-stoichiometric, iron-rich (Mg,Fe)O show that both KS and KT decreases as64
a function of Fe concentration (Jacobsen et al., 2002; Richet et al., 1989), where65
KS is determined from measurements of volume, composition, and of VP and66
VS using ultrasonic interferometry, and KT is determined in a P -V compres-67
sion study. The trend is opposite for stoichiometric samples, where ultrasonic68
interferometry studies for iron-poor samples display a positive trend of KS with69
increasing iron content (Jacobsen et al., 2002). In the iron endmember, KT does70
indeed depend on stoichiometry, with Fe0.99O being much less compressible than71
Fe<0.98O (Zhang, 2000).72
Thermal expansion, α = 1V (
∂V
∂T )P has been shown to be insensitive to Fe73
content for Mg-containing ferropericlase (Zhang and Kostak, 2002; Westrenen74
et al., 2005; Komabayashi et al., 2010; Mao et al., 2011). Yet, it appears to75
be sensitive to defect concentration. In the Fe end member, α is about 30%76
larger for Fe0.942O than Fe0.987O at pressures and temperatures up to 5.4 GPa77
and 1073 K (Zhang and Zhao, 2005). In this study, we aim to determine the78
P−V−T equation of state (Mg0.06Fe0.94)O at conditions approaching those of79
the deep mantle to constrain the thermoelasticity of iron-rich (Mg,Fe)O and to80
see if these aforementioned trends apply to iron-rich (Mg,Fe)O.81
1.3. Experimental considerations82
In this paper we discuss two types of experiments, ”buffered” and ”un-83
buffered”. In previous high-PT experiments on wu¨stite, an in situ Fe metal84
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oxygen buffer has been used (Fischer et al., 2011b; Seagle et al., 2008; Ozawa85
et al., 2010). The motivation of using such a buffer has been to decrease the86
vacancy population of wu¨stite at high pressures and temperatures, as some stud-87
ies indicate that the thermoelastic properties of wu¨stite vary as a function of88
vacancy concentration (Zhang, 2000; Zhang and Zhao, 2005).89
2. Materials and Methods90
Polycrystalline (Mg0.0657Fe0.94)O was synthesized from 57Fe (95% enriched,91
Isoplex ) and MgO powders in a 1 atm gas-mixing furnace at 1673 K for two92
runs of 20 hours each. A H2/CO2 gas mixture was used to control the oxygen93
fugacity of the synthesis to just above that of the iron-wu¨stite fugacity buffer94
(log fO2 = −9). Sample composition was measured using a JEOL-JXA-820095
electron microprobe, reporting a composition of (Mg.058(1)Fe.942(1))O, where the96
number in parentheses is the error on the last digit. A conventional Mo¨ssbauer97
spectrum (Figure 1, inset) caps the ferric content at 5% of the total iron, thus98
capping the vacancy concentration at 5%.99
Two experiments were conducted in this study. For the unbuffered exper-100
iment, a symmetric diamond anvil cell with 300 µm-culet diamonds was pre-101
pared. (Mg0.06Fe0.94)O, hereafter referred to as Mw94, was lightly ground with102
NaCl powder (1:1 by volume) in an agate mortar under ethanol, allowed to103
dry, then pressed into a pellet. This mixture was loaded between two thin104
NaCl plates (<10 µm), and the remaining space in the rhenium gasket sam-105
ple chamber was filled with neon using the COMPRES/GSECARS gas-loading106
system (Rivers et al., 2008). To keep the NaCl dehydrated, the pellet was con-107
sistently stored in a desiccator when not in use, and the loaded diamond anvil108
was placed under vacuum for about one hour and purged with argon before109
being put into the gas-loading system.110
We conducted a second experiment with an in situ Fe metal oxygen buffer for111
comparison. In this second, buffered, high pressure experiment, 250 µm-culet112
diamonds were used. Otherwise, the preparation differed in that the sample113
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pellet (Mw94 and NaCl) also included a Fe metal (1:1 Mw94:Fe by weight) as114
an in situ oxygen buffer and pressure marker. Thus, both experiments contained115
an intimate mixture of Mw94 and NaCl in the sample pellet, so that NaCl may116
be used as a common pressure marker to compare the results of the buffered117
and unbuffered experiments.118
The high temperature powder X-ray diffraction (XRD) experiments were119
conducted at the 13-ID-D beamline (GeoSoilEnviroCars) at the Advanced Photon120
Source, Argonne National Laboratory. Using an incident X-ray beam of λ =121
0.3344 A˚ and focus spot size of 4 µm x 4 µm, angle-dispersive X-ray diffrac-122
tion patterns were recorded onto a MAR165 CCD detector and subsequently123
integrated using Fit2D (Hammersley et al., 1996). CeO2 was used to calibrate124
the sample to detector distance at 1 bar. Samples were compressed to about 35125
GPa at room temperature before heating. High temperatures were achieved in126
situ by laser heating from both sides by 1.064 µm Yb fiber lasers with ’flat top’127
profiles (Prakapenka et al., 2008) and temperatures determined spectroradio-128
metrically (e.g. Heinz and Jeanloz, 1987; Shen et al., 2001) using the gray body129
approximation over the 600-800 nm range of thermal emission. Temperatures130
were measured during the collection of the diffraction patterns. In the buffered131
experiment, only the upstream temperatures were used due to technical difficul-132
ties with the downstream temperature determinations. The diffraction peaks133
were relatively sharp compared to ambient temperature spectra, indicating that134
temperature gradients are likely small. Example XRD patterns are shown in135
Figure 1.136
The 2θ angles corresponding to lattice reflections of (Mg0.06Fe0.94)O, NaCl,137
Fe, and Ne were determined by fitting the patterns with Voigt peaks using Igor138
Pro (WaveMetrics, Lake Oswego, OR, USA). In the multi-peak fitting routine in139
Igor Pro, XRD pattern backgrounds were fit locally with a cubic function. Unit140
cell volumes were determined using unweighted linear regression using the Unit141
Cell refinement software package (Holland and Redfern, 1997), which assumes142
a minimum uncertainty of 0.005 degrees on each lattice reflection, with errors143
on the unit cell weighted by goodness of fit.144
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Figure 1: Example integrated XRD patterns showing peak identifications for B2-NaCl, hcp-Fe,
and Ne. Pressures were determined using the equation of state of B2−NaCl (Fei et al., 2007b)
for the unbuffered dataset (top two patterns), and hcp-Fe (Dewaele et al., 2006; Murphy et al.,
2011) for the buffered dataset (bottom three patterns). (Mg0.06Fe0.94)O is rhombohedral at
room temperature (MwR, R-3m) and cubic at high temperature (MwC , Fm-3m). Unidentified
peaks are labeled with *. Arrows indicate location of expected B8 peaks at these conditions
(Ozawa et al., 2011). Inset: A conventional Mo¨ssbauer spectrum of Mw94 before heating at
1 bar (Wicks, 2013), with two example fits (no Fe3+, green, and 5% Fe3+, red.)
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Volumes of cubic Mw94 were refined using at least three of the following145
four reflections: 111, 200, 220, and 331. hcp-Fe volumes were refined using at146
least 6 of the 8 following reflections: 100, 200, 101, 102, 110, 103, 200, and 112.147
B2-NaCl volumes were refined using at least 5 of the 6 following reflections:148
100, 110, 111, 200, 210, and 211. Neon volumes were determined from at least149
one of the two reflections: 111, 200. Rhombohedral Mw94 volumes were refined150
from at least 3 of the 5 following reflections: 003, 101, 102, 104, and 110.151
The B2-NaCl thermal equation of state of Fei et al. (2007b) was used to152
determine pressure in the unbuffered experiment, and to compare that dataset153
to the buffered experiment, because each contained an intimate mixture of NaCl154
and Mw94. Pressures in the buffered experiment were determined using the155
unit cell volume of hcp-Fe. We used the equation of state of hcp-Fe given by156
Dewaele et al. (2006), and the thermal pressure given by Murphy et al. (2011).157
The difference between the two pressure scales is small, with a resulting pressure158
increase ranging from 0.01 to 0.4 GPa for the Murphy et al. (2011) values.159
The greatest source of error in these measurements comes from the tempera-160
ture determination. Past studies have analyzed these sources of error in great de-161
tail for experiments conducted in the laser-heated diamond-anvil cell (e.g. Heinz162
and Jeanloz, 1987; Kavner and Jeanloz, 1998; Panero and Jeanloz, 2001; Shim163
et al., 2000; Shen et al., 2001; Benedetti and Loubeyre, 2004; Noguchi et al.,164
2013). The errors depend heavily on the individual experiments, with cited tem-165
perature uncertainties ranging from a few percent to 10 percent. Considering166
the measured range of standard deviations from multiple measurements for each167
XRD pattern collected in our study (between 1 and 104 K) and previous reports168
suggesting an accuracy of such measurements to be between about 100 and 200169
K (Shen et al., 2001; Sturhahn and Jackson, 2007; Noguchi et al., 2013), we170
report a temperature uncertainty of 100 K.171
The error in pressure is a function of the uncertainty in both the volume and172
temperature of the in situ pressure calibrant (hcp-Fe or B2 -NaCl, in this case).173
However, in determining the correct error assignments for the equation of state174
fitting, we made adjustments to ensure that errors were not double-counted.175
8
  
Calculated volumes and pressures of the buffered and unbuffered datasets are176
presented in Tables D.8 and D.9, respectively.177
3. Results178
3.1. Phase identification179
In the P–T range of study, we identified cubic Mw94 at high temperature,180
and rhombohedral or a mixture of rhombohedral and cubic Mw94 at room181
temperature. We interpret the mixture to be a result of incomplete back-182
transformation of the cubic to rhombohedral phase on quench. We plot our183
phase identifications in Figure 2. In the diffraction patterns of the buffered184
experiment, all peaks could be assigned to known phases in the sample cham-185
ber (Mw94, NaCl, Fe, Ne). In the unbuffered experiment, there were a few186
weak peaks that could not be assigned to known phases of Mw94, NaCl, or187
Fe. We will return to this topic later in our discussion of stoichiometry. Our188
cold compression points are shown in gray, bracketing the room temperature189
cubic-rhombohedral transition between 13 and 24 GPa.190
As we did not identify the B8 structure in our P–T range of study, we ob-191
serve that the addition of Mg to FeO stabilizes the B1 phase with respect to the192
B8 phase at these conditions. At 300 K, our data bracket the B1 to rhombohe-193
dral transition indicated for FeO, but our data coverage at room temperature194
is not high enough to make comparisons. At high temperature, our observation195
of only the cubic structure is inconsistent with those of Kondo et al. (2004)196
and Ohta et al. (2014). Kondo et al. (2004) reports an expansion of the stabil-197
ity field of rhombohedrally-structured (Mg,Fe)O up to 2000 K at 120 GPa for198
(Mg0.05Fe0.95)O, (Mg0.1Fe0.9)O and (Mg0.2Fe0.8)O sandwiched between corun-199
dum disks, regardless of composition. Ohta et al. (2014) reported a similar200
rhombohedral phase boundary for (Mg0.2Fe0.8)O prepared with silica glass as a201
pressure medium. The use of a neon pressure medium in our experiments could202
be one explanation for the discrepancy.203
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Figure 2: Phase identification of (Mg0.06Fe0.94)O in P–T space. (Mg0.06Fe0.94)O is cubic
(unbuffered , buffered ) at high temperature and rhombohedral (unbuffered ♦, buffered )
at room temperature. Before-heating points from the buffered experiment are shown below
25 GPa in gray(,). Light gray lines and text: the latest phase diagram of wu¨stite (Fei and
Mao, 1994; Fischer et al., 2011a,b; Kondo et al., 2004; Ozawa et al., 2010, 2011). Pressures
shown here in the buffered experiment used hcp-Fe as a pressure marker, while pressures in the
unbuffered experiment used B2-NaCl. Black dashed line: B1-rhombohedral phase boundary
for iron (Mg,Fe)O of varying composition (Kondo et al., 2004). Error bars shown represent
standard deviation of individual temperature measurements.
3.2. Thermal equation of state fitting using MINUTI204
The buffered and unbuffered P–V –T data of Mw94 were fit using an open-205
source thermal equation of state fitting routine (seos) within the MINeral physics206
UTIility software package, MINUTI version 1.1.0 (Sturhahn, 2015). We describe207
the thermal equation of state and parameter fitting here.208
The free energy or Helmholtz energy is written as the sum of a term describ-209
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ing the elastic deformation Fel and a term describing the lattice vibrations210
F (V, T ) = Fel(V ) + Fth(V, T )− Fth(V, T0) =
Fel(V )− kBT lnZth(V, T ) + kBT0 lnZth(V, T0) .
(1)
The partition function Z gives the contribution of lattice vibrations and is211
expressed by the phonon density of states212
lnZth(V, T ) = −
∫
ln(2 sinh
ω
2kBT
)D(ω, V ) dω . (2)
The elastic part of (1) can be selected to be of type Birch-Murnaghan, Vinet,213
or logarithmic. In this study, we used a Birch-Murnaghan type, which is given214
by215
Fel(V ) =
9
2
K0V0 f
2 {1 + f (K ′0 − 4)}
with f =
1
2
{(
V0
V
)2/3
− 1
} (3)
In these relations, V0 is the volume at zero pressure, K0 is the isothermal bulk216
modulus at zero pressure, and K ′0 is the pressure derivative of the isothermal217
bulk modulus at zero pressure. All values are assumed at a reference tempera-218
ture T0 (300 K, in this case). Therefore at the reference temperature the EOS219
is given by the elastic part only.220
The seos program uses the Debye approximation for the phonon density of221
states which features one volume-dependent parameter, the Debye temperature222
Θ. For ω ≤ kBΘ223
D(ω) =
9
kBΘ
(
ω
kBΘ
)2
. (4)
With this approximation, the free energy of the Debye phonon gas is given224
by225
Fth(V, T ) = 3kBT ln
(
2 sinh
Θ
2T
)
− kBT I(Θ
T
)− 3
8
kBΘ , (5)
with226
I(t) =
3
t3
∫ t
0
x3dx
ex − 1 . (6)
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The thermal pressure now takes the Mie-Gru¨neisen-Debye form227
pth(V, T ) = −
(
∂Fth
∂V
)
T
=
γ
V
(
3kBT I(
Θ
T
) +
9
8
kBΘ
)
, (7)
where γ = −∂ ln Θ/∂ lnV is the Debye-Gru¨neisen parameter which is expressed228
by the seos program using a scaling law229
γ(V ) = γ0
(
V
V0
)q
, (8)
where γ0, q, and V0 are inputs to the program. The expression for the Debye230
temperature follows via integration of γ = −∂ ln Θ/∂ lnV to result in231
Θ(V ) = Θ0 exp
[
γ0 − γ(V )
q
]
, (9)
where Θ0 is an input to the seos program. For the data sets presented here, q232
was fixed to 0.5. The Debye temperature, Θ0, was fixed to 426 K, calculated233
from the measured Debye velocity of the starting material according to the234
following relation:235
Θ0 =
h
k
(
3NAρ
4piµ
)1/3
VD (10)
where h is Planck’s constant, k is the Boltzmann constant, NA is Avogadro’s236
Number, µ is the reduced mass, ρ = 5.94 ± 0.02 g/cc, and VD = 3.075 ± 0.014237
km/s (Wicks, 2013). In this experiment, the equation of state fitting is not238
sensitive to the Debye temperature, as the temperatures in this experiment are239
much greater than those of the calculated Debye temperature.240
For a given pressure p and temperature T , the volume is calculated by solving241
the thermal EOS242
p = −∂Fel
∂V
+ pth(V, T )− pth(V, T0) . (11)
Input data are specified as sets {pi, Vi, Ti, δpi, δVi, δTi} consisting of pressure,243
volume, temperature, and their uncertainties. The EOS is fitted to these data by244
variation of parameters by minimizing the normalized mean-square deviation.245
In seos, some number of the fit parameters may have priors with uncertainties.246
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The weights are determined by uncertainties of the data (see Appendix A for247
details).248
If data and priors constrain the fit parameters reasonably well a solution with249
minimal reduced χ2 is obtained. These optimal parameters have errors related250
to data variation and prior uncertainties. The errors are estimated as variances251
(square errors) by Equation A.3. We report the fit-parameter correlation matrix,252
σjj′ , for each fitting result in the Appendix. The volume V is calculated based253
on the EOS, Eq. 3, for various pressures and temperatures as specified in254
the standard input file. If fit parameters are defined, the temperature-reduced255
volumes Vri are calculated from the data {pi, Vi, Ti} as256
Vri = Vi − V (pi, Ti) + V (pi, T0) , (12)
where T0 is the specified reference temperature. A plot of V (pi, T0) and Vri257
versus pressure provides an easier visual assessment of deviations between data258
and model (see examples in Section 3). The equation of state parameters and259
their associated uncertainties are described in detail in Appendix B.260
Other features, such as F-f plots are also determined from seos (Sturhahn,261
2015), however are not reported in this paper. The seos executable also features262
a spin crossover form of an equation of state that determines spin contribu-263
tions (Chen et al., 2012).264
With the best-fit parameters obtained from the thermal equation of state265
fitting and the fit-parameter correlation matrix, the following parameters can be266
calculated at a specified temperature over a specified pressure range: isother-267
mal bulk modulus KT , adiabatic seismic velocity Vφ, and thermal expansion268
coefficient α, with uncertainties reflecting the reported correlations of the fitted269
parameters.270
3.3. Dataset with in-situ Fe metal buffer271
The equation of state parameters of both cubic and rhombohedral (Mg0.06Fe0.94)O272
of the buffered dataset, 38–122 GPa, were fit using pressures given by the equa-273
tion of state of hcp-Fe (Dewaele et al., 2006; Murphy et al., 2011). Equation of274
13
  
state parameters are shown in Table 1.275
Table 1: Equation of state parameters of cubic and rhombohedrally-structured
(Mg0.06Fe0.94)O for the buffered dataset using hcp-Fe as an internal pressure marker. Room
temperature parameters correspond to a Birch-Murnaghan equation of state, while thermal
parameters correspond to the Mie-Gru¨neisen equation of state. ∗Denotes numbers that were
fixed in the fitting.
B1-Mw94 r-Mw94
V0 (A˚3/atom) 9.92± 0.04 9.97± 0.11
K0T (GPa) 197.4± 6.5 184± 16
K′0T 2.79± 0.09 2.98± 0.25
θ0 (K) 426∗
γ0 1.72± 0.08
q 0.50∗
reduced χ2 1.07± 0.13 2.84± 0.51
Fitting with a Birch-Murnaghan equation of state yields V0 = 9.92±0.04 A˚3/atom,276
K0T = 197.4 ± 6.5 GPa, and K ′0T = 2.79 ± 0.09. Using the high temperature277
Mie-Gru¨neisen formalism, the fitted γ0 was 1.72 ± 0.08. The rhombohedral278
Mw94 phase was also fit to a Birch-Murnaghan EOS, yielding the parameters279
V0 = 9.97± 0.11 A˚3/atom, K0T = 184± 16 GPa, and K ′0T = 2.98± 0.25.280
Figure 3 shows the results from this buffered experiment, showing volume as281
a function of pressure and temperature. Also shown are the volumes measured282
as we compressed the cell before heating. We did not include them in the fit,283
as they were data collected without annealing. Near room-pressure, the steeper284
∂V/∂P , i.e. lower K0T , is more consistent with a (magnesio)wu¨stite containing285
2-5% vacancies (Zhang, 2000; Jacobsen et al., 2002). Projection of the high286
temperature data to a reference temperature of 300 K and associated residuals287
allows for visualization of goodness-of-fit (Equation 12, Figure 5a).288
As the Mw94 sample pellet in the buffered experiment also contained a289
mixture of NaCl, this buffered dataset was also fit using pressures given by290
the equation of state of B2 -NaCl (Table 2). When using pressures given by the291
equation of state of NaCl (Fei et al., 2007b), the fitted V0 = 9.92±0.03 A˚3/atom,292
K0T = 199.8± 5.3 GPa, K ′0T = 2.67± 0.07, and γ0 = 1.17± 0.06.293
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Figure 3: P -V -T data and isotherms of 1200 K, 1600 K, and 2000 K of B1-structured
(Mg0.06Fe0.94)O in the buffered experiment (Table 1). Pressures were determined using the
equation of state of Fe (Dewaele et al., 2006; Murphy et al., 2011). Gray diamonds show
rhombohedral (Mg0.06Fe0.94)O at room temperature, and the black line is the 300 K fit to
these data, reduced χ2 = 1.07 (Equation 12). Open circles: pre-heating data points at pres-
sures determined by the equation of state of B1−NaCl (JCPDS 5-0628). Fitting residuals
and data points projected to reference temperature of 300 K are shown in Figure 5a.
3.4. Dataset with no buffer294
The equation of state of the unbuffered dataset (30–70 GPa) was fit using295
pressures given by the equation of state of B2 -NaCl (Table 2). Fitting to a296
Birch-Murnaghan EOS yields V0 = 9.75± 0.04 A˚3/atom, K0T = 237± 10 GPa,297
K ′0T = 2.26± 0.18, and γ0 = 1.34± 0.11.298
Consideration of the fitted parameters of the unbuffered dataset at face value299
15
  
Table 2: Equation of state parameters of cubic (Mg0.06Fe0.94)O for the buffered and un-
buffered datasets using B2 -NaCl as an internal pressure marker. Room temperature parame-
ters correspond to a Birch-Murnaghan equation of state, while thermal parameters correspond
to the Mie-Gru¨neisen equation of state. ∗Denotes numbers that were fixed in the fitting. aA
prior of 190±15 GPa was placed on K0T .
buffered unbuffered unbuffered (prior)
V0 (A˚3/atom) 9.92± 0.03 9.75± 0.04 9.87± 0.03
K0T (GPa) 199.8± 5.3 237± 10 202± 6a
K′0T 2.67± 0.07 2.26± 0.18 2.89± 0.13
θ0 (K) 426∗ 426∗ 426∗
γ0 1.17± 0.06 1.34± 0.11 1.39± 0.11
q 0.50∗ 0.50∗ 0.50∗
reduced χ2 0.61± 0.10 0.20± 0.05 0.23± 0.06
may lead to unphysical conclusions about the equation of state of (Mg,Fe)O,300
often a concern of fitting a dataset with limited pressure-temperature range.301
Initial volume was not fixed in these fits due to the uncertainty of defect con-302
centration, although the starting material measured volume gives a lower bound303
of 9.9 A˚3/atom. Expected bulk moduli of iron-rich (Mg,Fe)O are closer to 180304
GPa (Jacobsen et al., 2002), while the buffered dataset fit produced a value305
around 190 GPa. Such factors can be used to inform the fitting routine in the306
form of a prior. When fitting the unbuffered dataset with a prior placed on K0T307
of 190±15 GPa, the resulting EOS parameters are V0 = 9.87 ± 0.03 A˚3/atom,308
K0T = 202 ± 6 GPa, K ′0T = 2.89 ± 0.13, and γ0 = 1.39 ± 0.11. This fit results309
in a slight increase in the reduced χ2 (0.23 compared to 0.20), a result of the310
penalty in using a prior (equation A.1). Given the limited pressure-temperature311
range of the unbuffered study compared to the buffered study, the equation of312
state fitted using such a prior on K0T (Table 2) is favored. Caution should be313
used in extrapolating this EOS beyond the PT conditions studied here.314
Figure 4 shows the results from the unbuffered experiment, showing volume315
change of (Mg0.06Fe0.94)O as a function of pressure and temperature, using NaCl316
as a pressure marker. A visual comparison of the two fits (with and without317
a prior on K0T ) can be seen in Figure 6 showing that in the region of data318
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Figure 4: P -V -T data and isotherms at 1200 K, 1400 K, and 1700 K of B1-structured
(Mg0.06Fe0.94)O in the unbuffered experiment. Equation of state parameters correspond-
ing to these curves are those using a prior of K0T=190(15) GPa in Table 2. The 300 K
isotherm for this EOS is also shown up to 30 GPa. Pressures were determined using the
equation of state of B2-NaCl (Fei et al., 2007b) (reduced χ2 = 0.23). Fitting residuals and
data points projected to reference temperature of 300 K are shown in Figure 5b.
coverage, the two fits agree with each other very well.319
4. Discussion320
4.1. Phase diagram of iron-rich (Mg,Fe)O321
The phase identifications presented in Figure 2 are consistent with a previous322
result in that there is no observable B8-structured (Mg0.06Fe0.94)O in the pres-323
sure and temperature range studied (Kondo et al., 2004). Our study, however,324
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disagrees with previous reports of the location of the rhombohedral-cubic phase325
boundary of iron-rich (Mg,Fe)O at high temperature. Where Kondo et al. (2004)326
find a transition of rhombohedral to cubic (Mg0.1Fe0.9)O and (Mg0.05Fe0.95)O327
at 1100 to 1500 K in the pressure range of 70 to 100 GPa, we find no evidence of328
rhombohedral (Mg0.06Fe0.94)O at the high temperatures explored in our study329
(Figure 2).330
In comparison to the phase diagram of FeO, we show that substitution of331
Mg into FeO expands the stability field of the rhombohedral phase with respect332
to the B8 phase.333
Decomposition of the (Mg,Fe)O solid solution at high P−T conditions has334
been reported (Dubrovinsky et al., 2000). More recently, (Mg0.05Fe0.95)O was335
found to decompose into B8 FeO and (Mg0.06Fe0.94)O in a diffraction pattern336
at 123 GPa, after heating up to 2800 K. This sample was also recovered to 1 bar337
for ATEM measurements and shown to have these two distinct phases (Ohta338
et al., 2014). Such compelling evidence for a high P-T experiment on Mw95 at339
pressures around 70 GPa was not presented, although Mw95 was suggested to340
have decomposed (Ohta et al., 2014). The starting composition we investigated341
in this study is one of their suggested reaction products, Mw94. Nevertheless, we342
searched our diffraction patterns for such evidence and do not see end member343
FeO in any of our diffraction patterns. It is possible that Mw94 does decompose,344
but at higher P-T conditions than what we sampled or that (Mg,Fe)O forms a345
complete solid solution up to at least 94% FeO.346
4.2. Equations of state for iron-rich (Mg,Fe)O347
The isothermal bulk modulus K0T resulting from the equation of state fit-348
ting to the high-PT data of the buffered and unbuffered data sets is at the up-349
per end of that predicted for nearly stoichiometric (Mg,Fe)O (Jacobsen et al.,350
2002). Previous work shows that the bulk modulus of (Mg,Fe)O decreases with351
increasing Fe content, from ∼160 GPa for the MgO end member to 150 GPa352
for Fe0.95O, likely due to increasing defect content. Conversely, stoichiometric353
examples show the opposite trend– bulk modulus increases with increasing Fe354
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content, up to 180 GPa for stoichiometric FeO (Jacobsen et al., 2002). All of355
our fits fall on the high side of this range of bulk moduli, but are admittedly not356
very well constrained by a compression study such as this one, with no annealed357
data at low pressure.358
In Figure 6, we compare the data and thermal equations of state determined359
for the buffered and unbuffered experiments using their common internal pres-360
sure marker, the B2-NaCl pressure scale (Fei et al., 2007b). We do not discern361
an effect of buffering the composition on the equation of state of the Mw94362
sample investigated here.363
As a more quantitative measure, two datasets can be compared by using one364
dataset’s results as a prior on the other. When fitting the unbuffered dataset,365
using buffered values and associated error bars as priors, the resulting reduced366
chi-squared is 0.27±0.06, not worse than that of the fit without said priors. As a367
result, the two datasets are not distinguishable in their overlapping P-T range.368
The values reported in Table 2 show that some of the fitted parameters are369
consistent within error bars, with the exception of K0T and K ′0T . A discrepancy370
in these two parameters, in turn, is not surprising, given the limited compression371
range of the unbuffered dataset, especially in the low pressure range where K0T372
and K ′0T are most tightly constrained.373
In Figure 7, error ellipses showing the tradeoff between equation of state374
parametersK ′0T versus γ0 and V0 versusK0T demonstrate the overlap in thermal375
EOS parameters between buffered and unbuffered datasets when using the same376
internal pressure marker (B2-NaCl).377
Another assessment is the level of compatibility in the thermal EOS param-378
eters between the buffered Mw94 experiment (this study) and that of wu¨stite379
(Fischer et al., 2011b). As both experiments were conducted with an in situ Fe380
metal buffer/pressure marker, any measurable differences should be due to the381
incorporation of Mg into wu¨stite. When evaluating the buffered (Mg0.06Fe0.94)O382
dataset, using the FeO equation of state values from Fischer et al. (2011b) as383
priors (γ = 1.42(5), K0T = 149(1), K ′0T = 3.60(4)), the resulting reduced chi-384
squared increased from 1.07 to 1.74±0.16, indicating that the two datasets are385
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not compatible.386
From the equation of state parameters reported in Table 1, the thermal ex-387
pansion coefficient α at specified output temperatures can be computed (Eq.388
B.5) with uncertainties (Eqs. A.5, B.7). Figure 8 shows the thermal expansion389
coefficient α (Equation B.5) determined from the buffered dataset calculated at390
1500 K and 3800 K over the pressure range 0–140 GPa. We chose the value391
of 3800 K, because the melting temperature of wu¨stite at core-mantle bound-392
ary conditions is suggested to be about 3900 K (Fischer and Campbell, 2010).393
Also shown are the thermal expansion coefficients calculated for FeO which was394
measured up to 156 GPa and 3100 K (Fischer et al., 2011b) and for MgO which395
was measured up to 196 GPa and 3700 K (Tange et al., 2009, Fit2-Vinet). It396
is obvious from Figure 8 that the thermal equation of state of buffered wu¨stite397
(Fischer et al., 2011a) and buffered Mw94 using hcp-Fe as a pressure marker in398
each study are significantly distinct, as we discussed earlier. With this consid-399
eration, together with the Mw94 fit quality (e.g., Figure 5a) and the parameter400
correlations (Appendix C), we conclude that Mw94 has measurably distinct401
thermoelastic properties compared with those of wu¨stite.402
4.3. Sample Stoichiometry403
The collected Mo¨ssbauer spectrum of the starting material (Figure 1, inset)404
was fit using CONUSS (Sturhahn, 2000). A fit of a single Fe2+ site with an405
isomer shift of 1.03 ± 0.04 mm/s (with respect to bcc iron) and a quadrupole406
splitting of 1.21± 0.03 mm/s (distribution of 0.43 ± 0.03 mm/s) best fit the data407
(χ2 = 0.99), but does not capture the asymmetry of the doublet. The addition408
of a Fe3+ site with an isomer shift of 0.4 mm/s and a quadrupole splitting of409
0.3 mm/s better (McCammon and Price, 1985) describes the spectrum visually410
with resulting hyperfine parameters of the ferrous site within uncertainties of411
the above-mentioned parameters (χ2 = 0.95).412
The discrepancy between un-annealed low pressure data (0 to about 13 GPa,413
Figure 3) and annealed high pressure measurements in the buffered experiment414
suggests a physical difference between cold-compressed and annealed iron-rich415
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(Mg,Fe)O. As mentioned, the steeper slope is more consistent with a sample416
containing 2-5% vacancies (Zhang, 2000; Jacobsen et al., 2002). It has been pro-417
posed that vacancy concentrations in non-stoichiometric FeO-bearing samples418
are reduced with the exsolution of (Fe,Mg)Fe2O4 at high pressure and temper-419
ature, ensuring the stoichiometry of the (Mg,Fe)O phase regardless of oxygen420
fugacity (Zhang and Zhao, 2005; McCammon et al., 1998). It has also been421
proposed in the FeO end member that this exsolution occurs at the pressure of422
the magnetite to h-Fe3O4 transition (Fei, 1996).423
It may be possible that this reaction proceeded at high temperatures in the424
unbuffered experiment, as the small, unidentified peaks may be attributed to a425
high pressure oxide phase such as h-Fe3O4, MgFe2O4 or Fe4O5 (Dubrovinsky426
et al., 2003; Lavina et al., 2011; Andrault and Bolfan-Casanova, 2001), Appendix427
E. The resulting consequences for sample chemistry are unclear. It could be428
possible that an exsolved oxide is either more, less, or equally iron-rich than429
the remaining material, leaving behind a sample that is less, more, or equally430
iron-rich to the starting composition. Similarly, we assume that the buffered431
experiment is achieved by the addition of Fe0 for every Fe3+, assured by the lack432
of excess peaks. In the end member scenario, the assumption of 5% vacancies433
would create a sample enriched in iron in comparison to the unbuffered ex-434
periment. As mentioned previously, the buffered and unbuffered datasets were435
statistically similar to each other, but inconsistent with FeO, so we conclude436
that resulting chemical variation between the two experiments must be small.437
4.4. Geophysical Implications438
When extrapolated to the conditions near the core-mantle boundary, at 135439
GPa and 3800 K (e.g. Tackley, 2012), our buffered equation of state predicts440
a density of ρ = 8.32 ± 0.04 g/cm3, bulk modulus KT = 423 ± 8 GPa, bulk441
sound velocity vφ = 7.14 ± 0.07 km/s, and thermal expansion α = 2.01 ± 0.01442
(10−5 K−1). Figure 9 shows the calculated density and bulk sound velocities at443
3800 K of (Mg0.06Fe0.94)O, determined from the fitted thermal equation of state.444
Covariance among parameters is considered in the determination of uncertainty445
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(see Appendix C). Also shown are density and bulk sound velocity of MgO446
(red dotted line, Tange et al. (2009), Fit2-Vinet), wu¨stite (red dashed line,447
Fischer et al. (2011b)), bridgmanite (blue dotted line, (Tange et al., 2012, Vinet448
Fit)), calcium silicate perovskite (green dotted line, (Noguchi et al., 2013, Model449
1)), and the bulk mantle, represented by PREM (Dziewonski and Anderson,450
1981). Also shown at 135 GPa is the range of constrained density from seismic451
studies of ultralow-velocity zones (Rost et al., 2006), which may contain iron-rich452
(Mg,Fe)O.453
Iron-rich (Mg,Fe)O in solid form is denser than the silicate-dominated lower454
mantle (MgSiO3), but not as dense as the liquid Fe-alloy outer core (Figure 9).455
Our constrained value of α can thus be used in geodynamic models to compute456
the thermal buoyancy of iron-rich (Mg,Fe)O, for example to model the dynamics457
of ULVZs (e.g. Bower et al., 2011). The bulk sound velocity of Mw94 is lower458
than both the lowermost mantle and the core.459
Using geodynamic modeling, Bower et al. (2011) showed that chemical den-460
sity anomalies of 2–8% produced ULVZs with a variety of reasonable ULVZ461
morphologies. In the future, these characteristic morphologies could be used to462
constrain composition with sufficient 2-d and 3-d seismic imaging. Other stud-463
ies cite ULVZs of around 10% density anomaly (e.g. Rost et al., 2006). If we464
assumed that a ULVZ was formed by entrainment of iron-rich material (such as465
Mw94) with ambient mantle, a 2–10% density anomaly could be explained by 4–466
20% volume fraction, respectively. To match ULVZ densities, a smaller(larger)467
volume fraction would be required for mixing (Mg,Fe)O with a greater(smaller)468
Fe content.469
The relative density of iron-rich (Mg,Fe)O compared to its surroundings may470
also be useful when interpreting seismic signatures on the core side of the core-471
mantle boundary, which could be a reservoir of solid precipitates on the top of472
the core (Buffett et al., 2000). These precipitates can aid as a diffusion barrier473
between the core and the mantle, and thus far display seismic signatures that474
have been difficult to distinguish from similar features on the mantle side.475
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5. Summary476
We have determined the P–V –T equation of state of (Mg0.06Fe0.94)O in477
two distinct sets of experiments: one with an Fe oxygen fugacity buffer and one478
without Fe. Considering the covariance of the fitted equation of state parameters479
using the seos module in the MINUTI software package, we have determined the480
level of compatibility between the buffered and unbuffered data sets of Mw94,481
as well as between Mw94 and wu¨stite, using the same pressure indicators. We482
find that the addition of small amounts of Mg causes measurable affects on the483
thermoelastic properties of wu¨stite.484
We see a clear difference in the location of the phase boundary between485
cubic and rhombohedral iron-rich (Mg,Fe)O at high pressure and temperature,486
compared with previous studies. Unlike Kondo et al. (2004), we do not find487
rhombohedrally-structured iron-rich (Mg,Fe)O in our high temperature mea-488
surements. In addition, we also do not find the B8 structure in our high tem-489
perature measurements, indicating that Mg stabilizes the cubic phase upon490
substitution into FeO (Fischer et al., 2011b).491
The calculated bulk sound velocity and density from this study can be used492
to constrain geophysical models of ULVZs that consider an assemblage of phases493
that include iron-rich (Mg,Fe)O.494
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buffered, Fe pressure calibrant 
unbuffered, NaCl pressure calibrant 
A 
B 
Figure 5: Fitting residuals of (Mg0.06Fe0.94)O and projected data at 300 K. A) buffered
dataset (reduced χ2 = 1.07). B) unbuffered dataset fit with a prior on K0T = 190(15) GPa
(reduced χ2 = 0.23).
25
  
30 35 40 45 508.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
Pressure (GPa)
V
o
lu
m
e/
a
to
m
(A˚
3
)
 
 
T (K)
1200
1400
1600
1800
2000
Mw94 (buffered)
Mw94 (unbuffered)
unbuffered, prior*
Figure 6: Overlay of data and equations of state of (Mg0.06Fe0.94)O in both experiments, with
isotherms corresponding to 1100 K, 1500 K, and 1900 K. The pressure of the buffered (circles,
solid lines) and unbuffered (squares, dashed and dotted lines) datasets were determined by
the equation of state of their common internal pressure marker, B2-NaCl (Fei et al., 2007b,
Table 2). *dotted line denotes the fit of the unbuffered dataset with a prior on K0T .
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Figure 7: Error ellipses of equation of state parameters of unbuffered (red, using a prior on
K0) and buffered (blue) dataset using B2-NaCl as a pressure marker (Table 2), demonstrating
tradeoff of parameters K′0T versus γ0 and V0 versus K0T , respectively. 1 and 2-σ standard
deviations are shown with solid and dashed lines, respectively.
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Figure 8: Linear thermal expansion coefficient (α, Equation B.5) calculated at 1500 K and
3800 K as a function of pressure for (Mg0.06Fe0.94)O with an in situ Fe buffer (blue). Error
bars correspond to uncertainties calculated in seos (see Appendix). Also shown are same
values calculated for FeO (Fischer et al., 2011b, black) and MgO (Tange et al., 2009, red).
Dashed lines indicate regions where the values are extrapolated beyond the P–T range of
study.
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Figure 9: Density and bulk sound velocity of (Mg0.06Fe0.94)O calculated at 3800 K as a
function of pressure and depth. Also shown: MgO, (red dotted line, Tange et al., 2009), FeO
(red dashed line, Fischer et al., 2011b), magnesium silicate bridgmanite (blue dotted line,
Tange et al., 2012, Vinet Fit), calcium silicate perovskite, (green dotted line, Noguchi et al.,
2013, Model 1), PREM (black solid line, Dziewonski and Anderson, 1981). Also shown at 135
GPa: range of constrained density from seismic studies of ultralow-velocity zones (e.g. Rost
et al., 2006). 29
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Appendix A. Parameter fitting713
Here we describe the details of the thermal equation of state parameter fit-714
ting. These details are also provided in the complete manual to MINUTI, pro-715
vided by Sturhahn (2015). The input data for the seos executable in MINUTI716
are specified as N sets {pi, Vi, Ti, δpi, δVi, δTi} consisting of pressure, volume,717
temperature, and their uncertainties. The EOS is fitted to these data by varia-718
tion of n parameters {xj} by minimizing the normalized mean-square deviation719
(method of weighted least squares), with the reduced χ2 described by720
χ2 =
1
(N + p− n)
{
N∑
i=1
wi (Vi − V (pi, Ti, {xj}))2
+
p∑
k=1
(xk −Xk)2
δ2Xk
}
.
(A.1)
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Some number p of the fit parameters may have priors Xk with uncertainties721
δXk. The weights wi are determined by uncertainties of the data via722
w−1i = δ
2Vi +
(
∂V
∂p
)2
T
δ2pi +
(
∂V
∂T
)2
p
δ2Tib =
δ2Vi + V 2i
(
δ2pi
K2i
+ α2i δ
2Ti
)
,
(A.2)
where Ki and αi are bulk modulus and thermal expansion calculated from723
the EOS at {pi, Ti}, respectively. If data and priors constrain the fit parameters724
reasonably well a solution with minimal χ2 is obtained. These optimal param-725
eters have errors related to data variation and prior uncertainties. The errors726
are estimated as variances (square errors) by727
δxj =
√
σjj with σjj′ =
χ2min
[
N∑
i=1
wi
∂V (pi, Ti)
∂xl
∂V (pi, Ti)
∂xl′
+ δll′
1
δ2Xl
]−1
jj′
,
(A.3)
where σjj′ is the covariance matrix and [. . . ]−1 denotes matrix inversion.728
The derivatives are calculated with the optimal parameters. The fit-parameter729
correlation matrix is given by730
cjj′ =
σjj′√
σjjσj′j′
. (A.4)
The variance of a function F of the fit parameters can be calculated as731
δ2F ({xj}) =
n∑
jj′=1
σjj′
∂F
∂xj
∂F
∂xj′
(A.5)
The fit-parameter correlation matrix for each fitting result is reported in732
Appendix C.733
Appendix B. EOS parameters and their uncertainties734
The isothermal bulk modulus is calculated by direct differentiation of the735
EOS736
K(p, T ) = −
(
∂p
∂ lnV
)
T
. (B.1)
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The seismic velocity is calculated via737
vφ(p, T ) =
√
(1 + αγ T ) (K/ρ0) (V/V0) , (B.2)
where α is the thermal expansion coefficient, γ is the is the Debye-Gru¨neisen738
parameter, ρ0 is the reference density. If fit parameters are defined the variances739
are calculated using (A.5) with the derivatives740
1
K
∂K
∂xj
=
1
V
∂V
∂xj
+
K
V
∂
∂p
(
∂V
∂xj
)
(B.3)
and741
1
vφ
∂vφ
∂xj
=
1
V
∂V
∂xj
+
K
2V
∂
∂p
(
∂V
∂xj
)
. (B.4)
Thermal expansion is calculated according to742
α =
1
V
(
∂V
∂T
)
p
= − 1
V
(
∂S
∂p
)
T
. (B.5)
The thermal contribution to the entropy S is given by743
S(V, T ) = −3kB ln
(
2 sinh
Θ
2T
)
+ 4kB I(
Θ
T
) + kB
3Θ
2T
, (B.6)
where Θ is the Debye temperature and I was defined in Eq. (6). If fit744
parameters are defined the variance of α is calculated using Eq. A.5 with the745
derivative746
∂α
∂xj
= − α
V
∂V
∂xj
+
1
V
∂
∂p
(
∂S
∂xj
)
. (B.7)
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Appendix C. Correlation matrices747
In the fitting procedure of seos, the correlation matrices are provided for all748
fitted parameters (Equation A.4). The resulting correlation matrices from the749
fitting of the four different data sets from the two experiments (buffered and750
unbuffered) are reported here.751
Table C.3: B1−Mw94 in the buffered experiment using Fe as a pressure marker (Table 1).
γ0 V0 K0T K
′
0T
γ0 1.000 -0.416 -0.001 0.112
V0 -0.416 1.000 -0.897 0.799
K0T -0.001 -0.897 1.000 -0.973
K′0T 0.112 0.799 -0.973 1.000
Table C.4: B1−Mw94 in the buffered experiment using NaCl as a pressure marker (Table 2).
γ0 V0 K0T K
′
0T
γ0 1.000 -0.458 0.045 0.050
V0 -0.458 1.000 -0.896 0.807
K0T 0.045 -0.896 1.000 -0.974
K′0T 0.050 0.807 -0.974 1.000
Table C.5: Rhombohedrally-structured Mw94 (r−Mw94) in the buffered experiment at 300
K, using Fe as a pressure marker (Table 1).
V0 K0T K
′
0T
V0 1.000 -0.909 0.558
K0T -0.909 1.000 -0.843
K′0T 0.558 -0.843 1.000
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Table C.6: B1−Mw94 in the unbuffered experiment using NaCl as a pressure marker (Table
2).
γ0 V0 K0T K
′
0T
γ0 1.000 -0.337 -0.162 0.244
V0 -0.337 1.000 -0.866 0.798
K0T -0.162 -0.866 1.000 -0.987
K′0T 0.244 0.798 -0.987 1.000
Table C.7: B1−Mw94 in the unbuffered experiment using NaCl as a pressure marker, with
K0T =190 ± 15 GPa as a prior (Table 2).
γ0 V0 K0T K
′
0T
γ0 1.000 -0.602 -0.083 0.299
V0 -0.602 1.000 -0.724 0.496
K0T -0.083 -0.724 1.000 -0.945
K′0T 0.299 0.496 -0.945 1.000
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Appendix D. Data Tables752
Table D.8: Pressure-volume-temperature data for the buffered experiment.
(Mg0.06Fe0.94)O volumes were refined using at least three of the following four
reflections: 111, 200, 220, and 311. hcp-Fe volumes were calculated using at
least 6 of the following 8 reflections: 100, 200, 101, 102, 110, 103, 200, and 112.
B2-NaCl volumes were refined using at least 5 of the 6 following reflections: 100,
110, 111, 200, 210, and 211. Ne volumes were calculated from at least one of the
two reflections: 111, 200. aPressure was determined by the equation of state
of hcp-Fe from Dewaele et al. (2006) and Murphy et al. (2011). bPressure was
determined from the equation of state of B2-NaCl (Fei et al., 2007b). cPressure
was determined from the equation of state of Ne (Dewaele et al., 2008). dNo
error bar is given due to too few reflections. Temperature uncertainties in this
table reflect the standard deviation (note that these values were not used in the
EOS fitting; see text for details).
P aFe P
b
NaCl P
c
Ne T VMw94c VFe VNaCl V
d
Ne
(GPa) (GPa) (GPa) (K) (A˚3) (A˚3) (A˚3) (A˚3)
116.5(7) 111.7(5) 116.1 1046(37) 6.935(26) 16.50(2) 20.13(2) 25.52
118.2(7) 113.1(5) 118.6 1290(28) 6.943(19) 16.50(2) 20.11(3) 25.48
118.9(7) 113.5(4) 118.4 1406(35) 6.952(20) 16.51(2) 20.12(2) 25.55
120.1(8) 114.7(5) 119.7 1611(52) 6.954(19) 16.53(2) 20.11(3) 25.56
122.0(7) 115.7(4) 121.7 1912(31) 6.950(21) 16.55(2) 20.14(2) 25.59
102.7(4) 98.9(3) 102.5 1143(7) 7.170(14) 16.90(1) 20.86(2) 26.48
103.1(4) 99.2(3) 102.3 1223(6) 7.174(16) 16.90(1) 20.87(2) 26.54
104.0(4) 99.7(3) 103.6 1397(14) 7.191(16) 16.92(1) 20.89(2) 26.54
105.5(4) 100.9(4) 104.6 1640(104) 7.188(14) 16.94(1) 20.89(2) 26.60
106.3(4) 101.4(3) 105.6 1744(40) 7.191(17) 16.94(1) 20.89(2) 26.59
107.8(4) 102.3(3) 106.5 2003(46) 7.197(18) 16.97(1) 20.90(2) 26.67
95.5(4) 89.6(1.7) 95.5 1237(4) 7.257(28) 17.13(1) 21.48(11) 27.07
96.4(4) 90.8(1.3) 95.9 1416(3) 7.286(13) 17.16(1) 21.45(9) 27.15
42
  
97.3(3) 91.5(1.5) 96.6 1606(19) 7.296(15) 17.18(1) 21.47(10) 27.20
98.7(3) 92.1(1.5) 97.3 1832(21) 7.343(12) 17.19(1) 21.50(10) 27.29
90.9(2) 87.1(3) 91.7 1279(38) 7.403(25) 17.29(1) 21.66(2) 27.40
91.3(2) 87.4(3) 91.8 1396(6) 7.432(25) 17.31(1) 21.68(2) 27.47
92.3(2) 88.3(3) 92.8 1578(36) 7.428(33) 17.33(1) 21.68(2) 27.50
94.3(2) 89.5(3) 93.6 1891(34) 7.449(18) 17.36(1) 21.69(2) 27.65
95.1(2) 90.1(3) 93.6 2036(36) 7.451(16) 17.37(1) 21.70(2) 27.74
94.9(2) 90.3(3) 94.0 2109(81) 7.429(13) 17.40(1) 21.71(2) 27.76
85.4(4) 82.4(5) 86.4 1208(1) 7.520(27) 17.45(1) 21.98(4) 27.82
85.5(4) 82.4(5) 86.3 1287(0) 7.520(27) 17.48(2) 22.00(3) 27.89
85.8(3) 83.0(4) 86.5 1407(37) 7.524(25) 17.50(1) 22.00(3) 27.95
86.4(4) 83.9(3) 87.1 1559(14) 7.539(29) 17.52(1) 21.98(2) 28.00
77.7(5) 75.8(4) 79.6 1106(9) 7.647(17) 17.70(2) 22.44(3) 28.40
78.4(5) 76.3(3) 80.2 1248(4) 7.661(20) 17.71(2) 22.45(3) 28.44
80.2(4) 77.5(4) 81.6 1510(16) 7.663(16) 17.73(2) 22.45(3) 28.49
81.0(5) 78.2(3) 82.5 1694(58) 7.664(14) 17.75(2) 22.47(3) 28.54
76.6(3) 73.2(3) 77.6 1215(5) 7.704(9) 17.77(1) 22.69(2) 28.68
77.5(4) 74.3(3) 78.2 1351(6) 7.714(8) 17.78(1) 22.65(2) 28.72
78.4(3) 74.9(3) 79.7 1516(26) 7.721(9) 17.79(1) 22.67(2) 28.70
79.2(3) 75.5(3) 80.0 1628(24) 7.724(8) 17.80(1) 22.66(3) 28.75
80.1(3) 76.3(3) 81.4 1811(63) 7.737(7) 17.83(1) 22.67(3) 28.75
81.9(4) 77.4(3) 82.4 2048(12) 7.744(10) 17.84(1) 22.66(2) 28.83
73.4(3) 69.8(3) 73.5 1253(1) 7.799(21) 17.90(1) 23.00(3) 29.14
74.0(3) 70.0(4) 73.7 1362(9) 7.805(22) 17.91(1) 23.02(3) 29.22
74.9(3) 70.4(4) 74.9 1506(9) 7.807(25) 17.92(1) 23.05(4) 29.20
76.1(3) 71.3(3) 75.8 1706(16) 7.809(19) 17.94(1) 23.04(3) 29.27
77.9(2) 72.3(3) 76.5 1960(43) 7.813(16) 17.97(1) 23.06(2) 29.40
77.4(2) 72.5(3) 76.5 1922(40) 7.814(13) 17.97(1) 23.03(3) 29.38
61.0(5) 59.1(7) 63.2 1242(4) 8.047(20) 18.41(2) 24.02(7) 30.40
61.5(4) 59.5(5) 63.9 1340(25) 8.049(18) 18.42(2) 24.03(6) 30.40
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62.5(4) 60.4(4) 65.0 1527(6) 8.057(18) 18.45(2) 24.01(4) 30.44
64.0(3) 61.2(4) 66.2 1761(12) 8.061(15) 18.47(1) 24.04(4) 30.51
65.2(2) 62.0(3) 67.7 1959(31) 8.065(17) 18.50(1) 24.06(4) 30.50
54.5(6) 52.6(4) 56.3 1223(4) 8.214(11) 18.70(3) 24.74(5) 31.38
55.3(6) 53.1(5) 57.0 1327(0) 8.216(9) 18.71(3) 24.74(6) 31.40
57.0(5) 54.3(6) 58.2 1570(2) 8.220(8) 18.72(3) 24.72(7) 31.48
57.7(5) 54.5(5) 59.3 1704(16) 8.227(6) 18.74(2) 24.76(6) 31.46
58.6(4) 55.2(5) 60.0 1830(4) 8.229(5) 18.75(2) 24.75(6) 31.49
59.3(4) 55.4(6) 60.3 1918(7) 8.233(15) 18.76(2) 24.77(7) 31.55
52.3(4) 49.5(3) 52.4 1523(8) 8.326(11) 18.94(2) 25.29(4) 32.40
51.2(4) 48.7(3) 51.5 1319(1) 8.316(11) 18.91(2) 25.27(4) 32.30
53.9(3) 50.2(2) 53.6 1740(52) 8.337(10) 18.95(2) 25.31(3) 32.47
44.3(6) 41.5(5) 45.3 1336(25) 8.562(26) 19.28(4) 26.30(8) 33.53
43.7(8) 41.6(5) 45.2 1354(4) 8.565(22) 19.32(5) 26.30(7) 33.59
44.4(8) 41.9(4) 45.4 1451(28) 8.561(17) 19.33(4) 26.32(6) 33.69
46.4(5) 42.8(4) 46.6 1672(42) 8.558(12) 19.32(3) 26.32(7) 33.77
47.4(5) 43.4(4) 47.3 1822(49) 8.560(13) 19.34(3) 26.33(6) 33.85
48.1(5) 43.6(3) 47.8 1902(110) 8.566(14) 19.34(3) 26.34(5) 33.85
38.7(4) 37.0(4) 38.8 1366(16) 8.693(7) 19.63(2) 27.07(7) 35.12
39.2(4) 36.9(2) 38.9 1431(18) 8.694(7) 19.63(3) 27.12(4) 35.22
39.8(4) 37.4(3) 39.3 1521(33) 8.703(7) 19.64(3) 27.11(6) 35.28
42.0(4) 38.3(3) 40.9 1794(8) 8.719(7) 19.65(3) 27.15(6) 35.36
42.7(3) 38.8(4) 42.0 1906(90) 8.722(20) 19.66(2) 27.13(7) 35.27
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Table D.9: Pressure-volume-temperature data for the unbuffered experiment.
(Mg0.06Fe0.94)O volumes were refined using the three reflections: 111, 200, and
220. B2-NaCl volumes were refined using at least 3 of the 4 following reflections:
100, 110, 111, and 200. Ne volumes were calculated from at least one of the two
reflections: 111, 200. aPressure was determined from the equation of state of
B2-NaCl (Fei et al., 2007b).bPressure was determined from the equation of state
of Ne (Dewaele et al., 2008). cNo error bar is given due to too few reflections.
Temperature uncertainties in this table reflect the standard deviation (note that
these values were not used in the EOS fitting; see text for details).
P aNaCl P
b
Ne T VMw94 VNaCl V
c
Ne
(GPa) (GPa) (K) (A˚3) (A˚3) (A˚3)
71.5(4) 73.1 1227(11) 7.77(2) 22.84(3) 29.17
71.7(6) 73.2 1312(14) 7.78(2) 22.85(5) 29.23
72.0(5) 73.5 1442(28) 7.79(2) 22.88(4) 29.30
71.4(4) 70.2 1208(23) 7.77(2) 22.85(3) 28.77
71.7(4) 72.8 1317(27) 7.78(2) 22.86(4) 29.19
71.9(4) 72.9 1413(26) 7.78(2) 22.88(4) 29.26
69.5(5) 71.0 1192(44) 7.86(3) 23.00(5) 29.38
70.0(3) 70.6 1306(62) 7.85(2) 23.01(3) 29.52
70.5(3) 70.9 1433(19) 7.86(1) 23.01(3) 29.61
69.9(3) 68.1 1173(15) 7.83(2) 22.96(3) 29.00
70.1(3) 70.3 1279(36) 7.84(2) 22.98(2) 29.45
70.5(4) 70.5 1396(49) 7.85(2) 23.00(3) 29.52
67.4(7) 69.3 1226(28) 7.89(6) 23.21(7) 29.61
67.7(6) 69.1 1293(17) 7.89(5) 23.21(6) 29.69
68.0(5) 69.0 1403(20) 7.90(5) 23.22(5) 29.80
67.4(5) 68.9 1180(23) 7.88(5) 23.18(5) 29.61
67.8(5) 69.3 1306(7) 7.89(5) 23.20(5) 29.68
67.9(6) 69.3 1351(15) 7.89(5) 23.21(5) 29.72
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68.1(5) 69.3 1420(16) 7.90(4) 23.22(5) 29.78
63.3(2) 65.8 1216(7) 7.96(4) 23.58(2) 30.04
63.6(2) 63.8 1295(2) 7.97(4) 23.59(2) 30.38
64.1(3) 64.9 1412(17) 7.97(3) 23.60(3) 30.34
63.6(1) 65.7 1212(10) 7.95(3) 23.55(1) 30.04
63.8(2) 66.2 1289(11) 7.96(3) 23.57(2) 30.05
64.1(3) 65.6 1430(13) 7.97(3) 23.60(3) 30.27
60.5(4) 61.0 1215(27) 8.05(5) 23.86(4) 30.68
61.1(1) 62.1 1335(14) 8.05(4) 23.86(1) 30.64
61.4(3) 59.7 1424(15) 8.05(3) 23.87(3) 31.08
62.1(7) 62.6 1446(23) 8.03(1) 23.81(7) 30.69
57.6(2) 59.0 1203(24) 8.13(4) 24.16(3) 30.95
58.0(3) 57.9 1317(40) 8.13(3) 24.18(3) 31.24
58.4(2) 57.5 1424(43) 8.13(3) 24.19(2) 31.42
58.3(3) 58.3 1390(20) 8.13(3) 24.18(3) 31.26
57.9(2) 59.4 1207(36) 8.11(3) 24.13(2) 30.90
58.1(2) 57.7 1308(12) 8.12(3) 24.16(2) 31.26
58.4(1) 57.8 1382(19) 8.12(3) 24.16(1) 31.33
58.8(4) 59.4 1451(37) 8.13(3) 24.16(5) 31.17
55.7(2) 56.5 1245(22) 8.18(3) 24.39(2) 31.38
56.2(4) 54.4 1337(18) 8.18(2) 24.39(4) 31.83
56.1(2) 55.1 1371(16) 8.18(2) 24.41(3) 31.75
56.1(3) 56.1 1386(32) 8.17(2) 24.41(3) 31.60
55.9(5) 55.5 1270(23) 8.15(3) 24.38(6) 31.57
56.1(2) 55.6 1346(18) 8.16(3) 24.40(2) 31.64
56.4(3) 55.6 1422(15) 8.17(2) 24.40(3) 31.73
54.0(1.3) 55.6 1224(38) 8.21(4) 24.58(16) 31.50
54.6(1.1) 55.5 1396(42) 8.22(3) 24.59(13) 31.70
55.4(1.2) 55.3 1579(16) 8.23(2) 24.59(14) 31.96
55.7(1.0) 55.9 1670(24) 8.23(1) 24.60(12) 31.98
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55.8(1.0) 55.5 1731(9) 8.24(1) 24.63(11) 32.12
54.4(7) 54.9 1140(21) 8.15(8) 24.49(8) 31.51
54.7(6) 54.7 1239(6) 8.16(6) 24.51(7) 31.65
55.4(6) 54.8 1437(16) 8.18(3) 24.52(6) 31.88
55.3(6) 54.1 1483(53) 8.22(1) 24.56(6) 32.05
46.8(1.1) 48.6 1195(20) 8.39(4) 25.45(15) 32.67
47.6(1.0) 49.4 1398(34) 8.40(3) 25.46(13) 32.79
48.2(8) 48.7 1591(24) 8.41(2) 25.50(11) 33.19
48.8(8) 50.0 1760(26) 8.42(1) 25.51(10) 33.19
45.2(1.1) 48.8 1248(24) 8.42(5) 25.71(15) 32.71
45.9(1.1) 49.1 1429(15) 8.42(4) 25.72(16) 32.90
46.5(1.1) 48.8 1613(15) 8.44(3) 25.75(15) 33.21
46.8(1.0) 51.3 1705(35) 8.45(2) 25.75(14) 32.84
41.3(1.0) 44.3 1186(32) 8.55(2) 26.23(15) 33.52
42.0(8) 45.9 1387(6) 8.56(2) 26.26(13) 33.48
42.7(8) 46.2 1561(33) 8.57(2) 26.27(13) 33.69
42.8(8) 45.7 1584(12) 8.57(2) 26.27(12) 33.83
38.6(1.0) 39.1 1265(35) 8.62(4) 26.72(16) 3.27
39.1(9) 39.3 1398(37) 8.63(4) 26.72(15) 3.27
39.1(9) 39.4 1395(23) 8.63(4) 26.72(15) 3.27
39.7(8) 1562(38) 8.65(4) 26.75(14)
39.8(8) 1613(28) 8.65(4) 26.76(14)
38.4(7) 39.0 1165(51) 8.60(3) 26.69(12) 3.26
39.2(9) 1436(45) 8.63(3) 26.74(15)
39.7(8) 1594(17) 8.65(4) 26.76(14)
34.6(6) 35.5 1207(77) 8.72(1) 27.37(11) 35.75
35.0(7) 35.9 1295(68) 8.73(1) 27.36(12) 35.78
35.3(6) 36.4 1384(50) 8.76(1) 27.38(12) 35.82
35.5(6) 37.2 1475(25) 8.77(1) 27.40(11) 35.77
33.2(9) 34.1 1224(31) 8.76(2) 27.64(17) 36.20
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33.6(7) 35.3 1454(41) 8.79(1) 27.74(13) 36.32
34.3(1.1) 36.4 1630(31) 8.81(1) 27.76(22) 36.35
31.9(7) 34.1 1235(36) 8.75(7) 27.90(15) 36.22
32.2(9) 33.9 1384(65) 8.78(5) 27.97(19) 36.59
32.4(8) 34.4 1526(21) 8.82(4) 28.04(17) 36.75
32.4(5) 33.9 1391(60) 8.79(4) 27.93(9) 36.62
32.8(4) 34.3 1510(31) 8.81(4) 27.95(8) 36.74
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Appendix E. Unexplained Peaks753
As described in the text, weak unexplained peaks were observed in our un-754
buffered dataset (Figure 1). It has been proposed that vacancy concentrations755
in non-stoichiometric FeO-bearing samples are reduced with the exsolution of756
(Fe,Mg)Fe2O4 at high pressure and temperature, according to757
(MgxFey)O → a(Mgx′Fe1−x′)Fe2O4 + b(Mgx′′Fey′′)O (E.1)
where (x′′ + y′′) > (x + y), ensuring the stoichiometry of the (Mg,Fe)O phase758
regardless of oxygen fugacity (Zhang and Zhao, 2005; McCammon et al., 1998;759
Fei, 1996).760
In Figure E.10, measured XRD patterns are compared to candidate oxides761
measured in other studies. As the chemical composition of the Mw94 at the762
P-T conditions sampled in this study is not known, it could be possible that the763
unidentified peaks belong to a phase with composition (Mg,Fe)3O4, but they764
do not match that of MgFe2O4 or h-Fe3O4. They are consistent, however, with765
peaks of Fe4O5. We do not see any of the remaining several peaks predicted766
for this phase, the most intense of which fall under ours (8 degrees), which may767
rule it out as a potential candidate. More dedicated studies need to be carried768
out to precisely determine both the composition, identity, and phase relations769
of exsolution products before definite claims can be made.770
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Figure E.10: Example integrated XRD patterns for the unbuffered dataset showing peak
identifications for (Mg0.06Fe0.94)O, B2-NaCl, and Ne. Pressures were determined using the
equation of state of B2−NaCl (Fei et al., 2007b). (Mg0.06Fe0.94)O is cubic at high temperature
(MwC , Fm-3m) and rhombohedral at room temperature upon quench (MwR, R-3m). In this
quench pattern at 300 K, a mixture of cubic and rhombohedral Mw94 is observed. Unidentified
peaks are labeled with *. For comparison, reflections of candidate iron oxides are shown below:
MgFe2O4 measured at 31.6 GPa (Andrault and Bolfan-Casanova, 2001), h-Fe3O4 calculated
at 31 GPa (Dubrovinsky et al., 2003), and Fe4O5 measured at 30 GPa (Lavina et al., 2011)
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• The measured equation of state of (Mg_0.06 Fe_0.94)O has been measured, 
and shown to be distinct from that of FeO. 
• Comparison of equation of state fits of experiments performed with and 
without an in situ fugacity buffer show that they are indistinguishable. 
• Addition of Mg into FeO expands the stability field of the B1 structure with 
respect to the B8 structure.  
